Purpose: To assess the value of intraoperative aberrometry (IA) in determining toric intraocular lens (IOL) power in eyes with no previous ocular surgery. Patients and methods: This was a retrospective data review at one US clinical site of eyes that underwent uncomplicated cataract surgery with toric IOL implantation where standard preoperative and IA measurements were available. Calculated IOL sphere and cylinder powers and orientation were compared based on the measurement method and the postoperative refraction, using both actual and simulated (back-calculated) results. Comparisons were between the surgeon's preoperative calculations, IA measurements, the actual IOL implanted and results from the Barrett toric calculator. Results: There was no significant difference (p>0.7) in the number of eyes expected to have, or having, a spherical equivalent refraction within 0.50D of the target between Actual (92%), IA (93%) or Preoperative calculation results (86%). The percentage of eyes with expected residual refractive astigmatism ≤0.50D was significantly higher for the IA vs Preoperative calculations (75% vs 53%, p<0.01). There was no significant difference in expected results between the Actual, IA and Barrett toric calculations (p>0.65). Conclusion: Modern IOL calculations for sphere produced results comparable to those achieved with IA. The value of IA in determining IOL cylinder power and orientation was more evident when comparing expected results between IA and a preoperative method based on measured total corneal astigmatism than when comparing to expected results from the Barrett toric calculator.
Introduction
The goal of toric intraocular lens (IOL) implantation is to eliminate refractive astigmatism after cataract surgery, but this is not achieved in all cases. A 2012 review by Visser et al 1 noted that about 30% of the eyes had more than 0.5D of residual refractive astigmatism after toric lens implantation. More recent studies have noted some improvement in outcomes, but still report about 20% of the eyes with more than 0.5D of residual refractive astigmatism. [2] [3] [4] Further improving outcomes remains a challenge. One source of variability in the prediction of refractive outcomes after toric lens implantation is preoperative measurement, primarily corneal power measurement.
The most commonly used devices to measure corneal power are keratometers that measure only the anterior cornea. Ignoring the effects of the posterior cornea is likely to result in estimation errors 5 and result in an increase in residual astigmatism after toric lens implantation. 6, 7 Formulas that take into account the astigmatic contribution of the posterior cornea, such as the Abulafia-Koch formula, have increased the likelihood of residual astigmatism less than 0.5D by nearly 50%. 2 There are three methods in common use to account for posterior corneal astigmatism (PCA); one is to apply a formula to account for PCA, 2 another is to directly measure the PCA preoperatively 4 and the third is to directly measure astigmatism intraoperatively in the aphakic eye. Several formulas have been introduced to account for PCA. One of the most commonly used is the Barrett toric calculator, which relies on a proprietary formula. Compared to other toric calculators the Barrett toric calculator has been shown to be as effective or more effective at increasing prediction accuracy of postoperative residual astigmatism. 2, [8] [9] [10] [11] Reported results using the Barrett toric calculator show 72 10 -80% 2 of the cases having a residual refractive astigmatism of 0.5D or less. This may indicate a limitation to the method, as formulas can rarely account for atypical eyes. An accurate measurement of the posterior cornea, or the total corneal power, may further improve results. Several preoperative devices can now measure posterior corneal astigmatism directly and can incorporate that into a total corneal power calculation. One device in common use is the Pentacam® HR (OCULUS Optikgeräte GmbH, Wetzlar, Germany), which uses a rotating Scheimpflug camera to provide various corneal power measurements at different diameters from the center of the cornea; it is referred to in this manuscript as the Scheimpflug device. Park et al 12 reported that using data from this device may improve results relative to the Barrett toric calculator, while Savini et al 6 suggested that results to date were comparable to those obtained with the Barrett toric calculator. One of the measurements provided by the Scheimflug device is the total corneal refractive power (TCRP), a ray tracing technique that has been demonstrated in one study to show high repeatability, 13 though was reported as less reliable in another. 15 Aphakic astigmatism can be directly measured using IA. In one study, compared to using a toric calculator that did not take into account posterior corneal astigmatism, results using aphakic astigmatism measurements from IA showed significantly more eyes with 0.5D or less of residual refractive astigmatism (78% with IA vs 33% without). 19 Woodcock et al 20 noted that 89% of the cases had residual astigmatism within 0.5D when they implanted toric lenses based on IA measurements, compared to 77% when using standard preoperative optical low coherence reflectometry and a calculator that did not take into account PCA. A large study (3,159 eyes) evaluating astigmatism outcomes from an online toric back calculator found that the use of IA was associated with less residual astigmatism. 21 These data were limited to eyes exhibiting significant (>0.5D) residual refractive astigmatism after surgery.
The main concern with IA is that it is reliant on the assumption that the intraoperative measure is a reliable indicator of the postoperative state of the eye. Variables that may influence the accuracy of the IA measurement include eye position, intraocular pressure, effects of the speculum and the effect of ophthalmic viscosurgical devices. 22, 23 The purpose of the current study was to determine whether suggested IOL power and cylinder orientation from IA were superior to values from preoperative calculations for the purposes of toric IOL planning. IA sphere calculations were compared to the surgeon's standard approach while IA cylinder calculations were compared to calculations from both the Barrett toric calculator and a toric calculation from a standard calculator using total corneal power as the input data.
Patients and methods
This retrospective data analysis was approved by the Wolfe Eye Clinic Institutional Review Board. A waiver of informed consent for the use of chart data was granted, as no protected health information was used for the analyses. Patient confidentiality was preserved, and data were treated consistent with the tenets of the Declaration of Helsinki. Operative records from 6/17 to 5/18 were reviewed to find eyes with no previous refractive surgery, no significant corneal pathology, for which an uncomplicated cataract surgery with toric IOL implantation was successfully completed; cases where a non-toric IOL was implanted but that included any calculation suggesting a toric IOL were also included. Cases had to include use of intraoperative aberrometry at the time of surgery and a manifest refraction performed 21 days or more after surgery. No eyes that had any secondary treatment (IOL reorientation or refractive procedure such as LASIK) were included. For each eye, the preoperative biometry from the IOL Master 700 (Carl Zeiss Meditec AG, Jena, Germany), referred to in this manuscript as the biometer, and the Scheimpflug device were required. Sphere power was calculated using the biometer data and the Haigis and SRK/T formulas, with a given mean target between the two for the postoperative refraction. Long eye adjustments were made for eyes longer than 27.99 mm. 24 The
Haigis and Hoffer Q formulas were used in similar fashion for eyes with an axial length less than 22.0 mm. Results from the formula that yielded a value closest to plano were chosen when the other formula yielded a myopic result. Preoperative toric IOL calculations were made using the TCRP data from the 3 mm Apex Ring of the Scheimpflug device and a standard toric calculator. Additional calculations using the biometer data as input to the Barrett Toric calculator were subsequently made. During cataract surgery, intraoperative aberrometry was used for each eye to determine the recommended sphere power, toric power and orientation of the IOL to be implanted. This was done in the aphakic eye to determine the recommended cylinder power and orientation and then again in the pseudophakic eye to refine the orientation of the IOL. The actual IOL implanted and its final orientation (in the case of toric IOLs) were recorded at the time of surgery. Back-vertex calculations were used to adjust the postoperative refraction based on differences in suggested sphere power from the preoperative and IA calculations. Results were rounded down (closer to plano) to the nearest 0.125D. After adjusting for the target refraction, this provided the expected (simulated) residual spherical equivalent refractive error for the IOL implanted (Actual), the preoperative calculation (Preop) and the IA calculation (IA).
To compare the cylinder results, four different measures were considered. For the Actual group, and for the IA/Preop group when the IOL implanted was the one suggested by IA/ Preop, the postoperative refraction was the measure of interest. For the IA or Preop groups when the IOL suggested was not equal to the lens implanted, and for Barrett, the suggested IOL power and orientation were recorded. Then, a method first described by Hill et al to simulate clinical results from toric IOLs was used. 25 In effect, the actual toric IOL implanted was mathematically removed from the eye and the IOL suggested by the results of the IA, Preop or Barrett calculation was mathematically inserted into the eye, yielding a simulated residual cylinder. The cylinder power at the corneal plane as determined from the Barrett toric IOL calculator was used for the remove/replace operation -the ratio between the IOL cylinder power at the IOL plane and the cylinder power at the corneal plane for the given eye was used. Cylinder analysis consisted of considering the percentage of eyes within 0.50D, 0.75D and 1.00D of residual cylinder (actual or simulated) by calculation method. The IA cylinder power and orientation were compared to those from both the preoperative calculation and the Barrett Toric formula. Of primary interest was which method was expected to result in the highest percentage of eyes within 0.50D. Two other comparisons were made. First, calculation results were compared for those eyes with actual high postoperative cylinder, as these were considered refractive surprises. Second, calculation results for eyes where the vector difference between the Barrett or Preop expected refractive cylinder power and IA was more than 1.0D were analyzed, as these were cases where the cylinder power difference was considered significant. In these two specific comparisons, the intent was to determine if IA produced results consistently better than the other methods; this would suggest that IA might have a positive benefit in terms of reducing outliers.
The measured and calculated data were tabulated in Excel spreadsheets and then imported into an MS Access database for data checking and preliminary analyses (both Microsoft, Redmond, USA). Detailed statistical analysis was performed using the Statistica data analysis software system, version 12 (TIBCO Software Inc., Palo Alto, CA). Categorical comparisons were made using a Chi-squared test, and parametric data were evaluated using an analysis of variance (ANOVA). The level of statistical significance was set at p<0.05.
Results
The retrospective chart review identified 123 eyes in the specified time period with the relevant planning and postoperative refractive data available. Five of these eyes (4%) could not be measured with IA because of excessive movement and/or small pupils, leaving 118 eyes for analysis. Only two lens models were included in the data set; 100 eyes had a toric IOL implanted, while the remaining 18 eyes received a non-toric IOL (SN6ATx and SN60WF, respectively, both Alcon, Fort Worth, Texas, USA).
The expected spherical equivalent refractive error for each calculation method was determined as described in the methods. Table 1 summarizes the results, comparing the actual postoperative residual refractive error and the expected residual refractive errors from the preoperative and IA calculations. The number of eyes within 0.25D and within 0.50D of the intended spherical correction was higher for the IA calculation relative to the preoperative calculation; the difference was statistically significant for the 0.25D values (Chi-squared test, p=0.01) but not for the 0.50D values (Chi-squared test, p=0.08). The mean expected residual error differed overall by 0.13D, with the Preop group having a slightly more myopic mean; this is likely reflective of a more conservative Preop IOL selection (least minus). This was also apparent in the slightly higher likelihood of a hyperopic result (>+0.25D spherical equivalent) with the IA versus Preop calculations (13 vs 8), but the difference here was not statistically significant (Chi-squared test, p=0.25). The mean absolute expected residual error differed by a maximum of 0.08D between methods.
The number of outliers for each method was low and similar. There were 9 eyes with Actual spherical equivalent refractive errors greater than 0.5D from intended. In only one of these cases did the IOL power determined by preoperative calculation produce an expected refraction less than or equal to 0.50D. This was similar to IA, where the IOL power determined also would have resulted in an expected refractive error less than or equal to 0.50D in only one case. Table 2 shows the differences between the preoperative and IA calculated sphere powers, along with a comparison of the results by method. Note that in 42% of the eyes (50/ 118) there was no difference in the IOL sphere power determined by the preoperative and IA calculations. Where the difference in the expected residual refraction was less than or equal to 0.25D for the preoperative and IA methods, Table 3 summarizes the expected residual refractive errors by calculation method if the recommended IOL was implanted at the orientation determined by the different calculators. The expected percentage of eyes with residual cylinder ≤0.50D was significantly higher for the IA calculation relative to the Preop calculation (Chisquared test, p<0.01). There was no statistically significant difference between the IA calculation and the other two methods (p>0.65 in both cases). Similarly, the percentage of eyes with residual cylinder ≤0.75D and ≤1.00D was also significantly higher for the IA calculation relative to Preop (p<0.01 and p=0.03, respectively), while there was no statistically significant difference between IA and the other two methods (Actual and Barrett, p>0.11 in all cases).
The differences between IA and the three other methods were considered as follows. The choice of lens cylinder power was either the same or different. If the planned orientation angle for any two methods differed by less than 5 degrees, then the orientation was considered the same; otherwise it was considered different. Table 4 shows the results of comparing the IA suggested cylinder and orientation to the Preop, Barrett and Actual cylinder and orientation. Note that the close match between IA and Actual (70% of the eyes with the same IOL power at the same orientation) was a function of the fact that IA was the primary method used to determine the implanted cylinder power and orientation at the time of surgery.
From a practical standpoint, the degree to which these changes in IOL cylinder power and orientation were likely to affect clinical outcomes was of interest. The magnitude of simulated or actual residual cylinder was considered for this purpose. If any two methods compared in Table 4 resulted in a difference in cylinder magnitude of 0.25D or less, they were considered the same; test-retest variability in refractive cylinder is higher than this. Otherwise, the method that resulted in the lowest residual cylinder was considered the better choice. Table 5 summarizes the results of this analysis; each line in this table corresponds to an individual cell in Table 4 . As can be seen, in 93% of the cases (110/118), the results for IA and the actual lens implanted were expected to be the same. In the remaining 8 cases, there was no clear bias towards one method or the other. A similar comparison showed that 65% (77/118) of the results for the IA and Barrett calculations were expected to be the same. The remaining cases were equally distributed between the IA and Barrett calculations. It is apparent from the table that IA appeared to provide a slightly better result than Barrett when only the lens orientation differed (10 cases to 4), but this was not a statistically significant difference (p=0.25). The differences between IA and Preop were more pronounced. Only 52% (61/118) of the results for the IA and Preop calculations were expected to be the same. When they were different, the IA calculation was statistically significantly more likely to produce a better outcome (Chi-squared test, 41:16 vs 29:29, p=0.02). The potential for preventing refractive cylinder outliers was another practical consideration of interest. Three eyes of the 118 (2.5%) had an actual residual refractive astigmatism of 1.0D or higher after toric IOL implantation. In 2 cases, the IA calculation was used to select the IOL implanted. In the other case, the IA calculation would have been expected to produce a slightly better result (1.00 D residual cylinder instead of 1.25 D).
Finally, all cases where the difference in the calculated residual cylinder magnitude between IA and the other two methods (Preop or Barrett) was 1.0D or more were identified. In 7 cases, the IA calculation differed from Preop by 1.0D or more; the IA calculation appeared better for 6 of these. In 5 cases, the IA calculation differed from Barrett by 1.0D or more; the IA calculation appeared better for 4 of these. The numbers show a trend but are too small for reliable statistical analysis.
Discussion
The current study was designed to provide a clinically relevant examination of differences in IOL sphere power, cylinder power and orientation when using IA versus standard preoperative calculation methods.
The percent of eyes with an expected residual spherical equivalent refraction within 0.5D was 93% using IA; this is higher than reported by Hill et al (80%) 17 and Cionni et al (82%). 18 The mean absolute expected residual error difference between Preop and IA was 0.07D, similar to the value reported by Cionni et al. 18 The slightly higher number of eyes within 0.25D with the IA calculation appears to be a function of targeting emmetropia with IA relative to a least-minus target with the Preop calculation, evident in the slightly higher number of hyperopic outcomes with IA. The current study did not observe a notable reduction in outliers (>0.5D absolute error) in spherical equivalent results with IA vs Preop calculations. There was no clinically significant difference between the sphere power suggested by the Preop calculation and IA (Table 2) . This is consistent with results reported by Davison and Potvin. 16 The current study found that the number of eyes within 0.50D of the intended spherical equivalent refraction was not significantly different between the Preop and IA groups, though 7% more eyes in the IA group had an expected spherical equivalent refraction within 0.5D. This appears consistent with Cionni et al 18 ,
where a 6% 18 increase in the number of cases with residual spherical equivalent refraction within 0.5D was found in the IA group when compared with preoperative methods; the larger data set in that study resulted in the observed difference being statistically significant. In the current study, residual refractive astigmatism of 0.50D or less was expected in 75% of the eyes based on IA, 75% of the eyes based on the Barrett toric calculator and 53% of the eyes using the Preop method ( for IA and Barrett, respectively. The percentage for the Preop method is lower than was reported by the same authors in a previous study, 4 but higher than has been reported for the Scheimpflug device in a second study.
14 Variability remains a concern with the Scheimpflug device, 15 which may explain some of the larger differences between the IA and Preop calculations in the current study. The IA calculations produced a statistically significantly higher percentage of eyes with an expected residual cylinder of 0.50D or less relative to the Preop calculations, though the percentage of eyes with an expected residual cylinder of 0.50D or less was equivalent to that calculated for the Barrett Toric Calculator. Where Barrett and IA differed with regard to orientation angle, the IA measurement appeared more likely to be correct, though again this was not statistically significant. The use of IA in the pseudophakic eye to refine final orientation of the toric IOL may have been important in this regard. Finally, there was no evidence that IA could consistently prevent outliers (refractive surprises), but it did appear that there was a greater likelihood that IA was correct when IA and the other methods produced largely different calculations.
There are limitations to the current study. It was noted in the paper by Hill et al 25 that the simulated calculation was always slightly worse than actual calculations; simulated results were systematically about 0.2D higher than the actual residual cylinder. This "remove and replace" technique appears to slightly favor the actual method used to determine the cylinder power. The current study included eyes where the majority of IOL implants were based on IA. This may result in an overstatement of the advantages of IA. One alternative to this approach is to conduct a prospective randomized study using contralateral eyes, but such a study would also have limitations. Other limitations include the fact that the study was retrospective in nature, and postoperative IOL orientation was not available to compare intended IOL orientation to actual orientation at the time of the refraction. For the latter comment, it can be stated that the literature indicates significant toric IOL misorientation is relatively rare. 1 It is worth noting that for both sphere and cylinder, the highest percentage of eyes within 0.5D of the target was achieved with the Actual IOL implanted. This may be a result of the limitations in using a "remove and replace" methodology for analysis. However, it seems more likely that it reflects the fact that surgeon judgment related to the inputs from various devices remains an important deciding factor when choosing a toric IOL for surgery. Balanced against the use of measurements/calculations from various devices is the cost and time associated with collecting them from each device, and the cost of the devices.
Conclusion
In conclusion, modern IOL calculation formulas for sphere appear to produce results comparable to those achieved with IA. However, there may be some value in using IA to determine IOL cylinder power and orientation. This is most apparent when comparing results between IA and a preoperative method based on measured total corneal astigmatism. The relative benefit of IA is less apparent when results from the IA calculation are compared to those expected with the Barrett toric calculator. The consideration of both preoperative and IA toric IOL planning produced the best overall results in astigmatic eyes.
